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Abstract Chloroplasts are believed to have originated from a
photosynthetic, prokaryotic ancestor. As the result of endosym-
biotic evolution, most of the genes of the endocytobiont were
displaced to the host nucleus. Today’s chloroplasts must import
most of their proteins from the cytosol as precursors. Oligomeric
protein complexes in the chloroplast outer and inner envelope
membranes are responsible for the specific recognition and
membrane translocation of precursor proteins. The translocon at
the outer membrane of chloroplasts and the inner membrane of
chloroplasts act jointly during the import process. Several
translocon subunits have been partially characterized in their
molecular structure and function. Initial evidence indicates the
prokaryotic origin of some chloroplast translocon components.
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1. Precursor protein targeting to chloroplasts
1.1. Stroma targeting signals
Proteins destined for various chloroplast subcompartments
are synthesized on ribosomes in the cytosol as precursor pro-
teins with a cleavable, amino-terminal extension called prese-
quence or transit-peptide. The transit-peptide is both su⁄cient
and necessary to accomplish precursor protein translocation
across the chloroplast envelope membranes [1] in a post-trans-
lational event. The transit-peptide functions as an envelope
transfer, stroma targeting domain. It is variable in size (20^
120 amino acids) and contains no obvious blocks of conserved
amino acids or secondary structure, but behaves as an ideal
random coil [2]. In general, the amino-proximal portion lacks
both positively charged residues as well as glycine and proline.
The carboxy-terminal domain is predicted to form an amphi-
philic L-strand in a hydrophobic environment (see below).
Between these surrounding domains, the central portion lacks
mainly acidic residues and is rich in hydroxylated amino acids
like serine and threonine [3].
1.2. Cytosolic interactions
A cytosolic protein kinase phosphorylates a serine or threo-
nine residue within a loosely conserved motif in the transit-
peptides of chloroplast precursor proteins, but not in mito-
chondrial or peroxisomal pre-proteins of plant origin [4].
Phosphorylation of the precursor protein is not a prerequisite
for translocation, but dephosphorylation is required before a
phosphorylated precursor can be imported. This leads to the
suggestion that a cycle of phosphorylation/dephosphorylation
might be a regulating switch in the translocation pathway of
chloroplast precursor proteins.
Chaperones of the Hsp70 family were shown to stimulate
the import e⁄ciency of the light harvesting chlorophyll a/b-
binding protein in vitro [5], but were not required for the
translocation of soluble, stromal proteins such as pre-ferre-
doxin (preFd) or rubisco small subunit precursor (preSSU)
[6]. Until now, no further cytosolic proteins have been iden-
ti¢ed to be involved in the guidance of precursor proteins to
the chloroplast surface or in the maintenance of an import
competent conformation.
2. Pathway for plastid entry
The major route for precursor protein entry into plastids is
the translocation through the translocon at the outer mem-
brane of chloroplasts (Toc) and translocon at the inner mem-
brane of chloroplasts (Tic) complex and leads into the stroma.
This is termed the general import pathway (Fig. 1). All known
precursor proteins use this common machinery no matter
what their ¢nal chloroplast destination. While the import ma-
chinery of chloroplasts and other organelles may operate by
similar principles, none of the components identi¢ed yet
shares sequence homologies with those of other eukaryotic
import/export systems, with the exception of the involvement
of di¡erent chaperones, e.g. the Hsp70, Hsp100 and the
GroEL/GroES homologue proteins. Intra-organellar trans-
port processes into and across the thylakoids, which are not
in the focus of this review, are of prokaryotic origin and their
mechanisms are based on bacterial export systems (for a re-
view [7]).
Recently, several investigators have proposed a role for
transit-peptide interactions with galactolipids speci¢c for the
outer envelope membrane as the initial step of precursor-bind-
ing to the chloroplast surface (for a review [8]). The hydro-
phobic membrane environment would induce a regular struc-
ture in the transit sequence such as an amphiphilic L-strand
(see above), which might be a relevant step in precursor-re-
ceptor recognition of the Toc complex. This hypothesis could
be proven for two chloroplast precursor proteins, preFd [9]
and preSSU [10]. It is supported by the observation that an
Arabidopsis thaliana mutant de¢cient in digalactosyldiacyl-
glyceride, which represents 20% of the chloroplast outer enve-
lope lipids, exhibits a defect in chloroplast protein import [11].
Presently, it is not possible to discriminate between an insta-
bility of the Toc complex due to the di¡erent membrane lipid
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composition or an inability of the precursor to interact with
the altered lipid surface in the mutant.
The initial interaction of the transit-peptide with a chloro-
plast surface protein is a reversible, energy-independent step
[12^14]. Tight binding of the precursor to the import machin-
ery requires the hydrolysis of ATP (6 50 WM) [15] either at
the outer envelope or in the intermembrane space [16,17] and
might be regulated by GTP [18]. Complete translocation into
the organelle cannot take place under these conditions, how-
ever, precursor proteins are inserted into the general import
machinery [18] and can be co-fractionated with components of
the Toc and Tic complex [19,20]. Recent biochemical studies
indicate a stable association of the Toc-Tic complex independ-
ent of the presence of a translocating precursor protein [21^
23]. However, at the moment, it is not determinable if contact
sites seen in electron microscopy pictures [24] are actively in-
volved in import by representing the Toc and Tic complex or
have other functions, e.g. metabolic channelling.
Translocation into the organelle is accomplished only in the
presence of higher ATP concentrations (s 0.1 mM) in the
stroma [25]. Stromal ATP hydrolysis is the only energy source
required for membrane translocation. Concomitantly or
shortly after translocation, the transit sequence is removed
by a soluble stromal processing metallo-endopeptidase [26]
and the mature form of the protein acquires biological activity
after folding and assembling into suitable structures [27].
Fig. 1. Pathway for plastid entry. The general import machinery of the chloroplast envelope membranes. The components are explained in the
text.
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2.1. The Toc complex
The outer envelope translocon has to achieve three major
functions: (1) speci¢c recognition of the transit-peptide, (2)
initiation of membrane translocation and (3) transfer of the
precursor to the inner envelope translocon. Within the Toc
complex, three prominent components involved in the tasks
mentioned above have been identi¢ed: Toc160, Toc75 and
Toc34.
Toc160 was originally identi¢ed as a 86 kDa polypeptide,
Toc86 [18,28]. Recent studies have shown that Toc86 is only a
carboxy-terminal proteolytic fragment of a larger polypeptide
now named Toc160 [29]. Toc86 was identi¢ed as a receptor
component for precursor proteins based on the following ¢nd-
ings: Toc86 is exposed to the cytosolic surface of the outer
membrane and is highly susceptible to proteolytic treatment
[30^32]. It is the ¢rst binding partner of preSSU upon import
into chloroplasts as shown by label-transfer crosslink experi-
ments [32]. Additionally, Fab fragments of antibodies against
Toc86 inhibit both binding and translocation [28]. Together,
these data indicated that Toc86, i.e. Toc160, might function at
a very early stage of translocation, most likely as a receptor
for precursor proteins. However, the proposed functions for
Toc86 need to be re-investigated for Toc160, although import
studies demonstrate that protein translocation e⁄ciency cor-
relates well with the presence of an intact 160 kDa protein [29]
and therefore it is most likely that Toc160 continues to serve
as an import receptor. The extreme protease sensitivity togeth-
er with the unidenti¢ed nature of the protease will hamper
further analysis of the full-length Toc160 in situ.
Toc160 and Toc34 represent new types of GTP-binding
proteins, as shown by speci¢c photoa⁄nity labelling with
[K-32P]GTP and GTPase activity assays with heterologously
expressed Toc34 [18,33]. Toc160 and Toc34 reveal consider-
able sequence homologies also outside the nucleotide-binding
motifs. Furthermore, both proteins are phosphorylated by a
protein kinase, which co-puri¢es with outer envelope mem-
branes [34]. Nucleotide-binding and phosphorylation might
represent further regulatory checkpoints during the transloca-
tion event.
Under oxidizing conditions, a disul¢de bridge is formed
between Toc34 and Toc75 as well as between Toc86 and
Toc75 in vitro demonstrating their close physical proximity
in situ [35]. Recently, Toc34 was shown to form a crosslink to
a precursor protein in the abscence of added nucleoside tri-
phosphates, but in the presence of the non-hydrolyzable GDP
analogon, GDP-L-S. In the presence of GDP or GTP, a cross-
link of Toc34 to a precursor could not be detected [36]. These
experimental conditions could have resulted in an accumula-
tion of precursor proteins at di¡erent locations of the Toc
complex, which fortuitously leads to unspeci¢c crosslink prod-
ucts. However, if Toc34 has its own precursor recognition site
or is involved in another step in translocation, e.g. gating of
Toc75 (see below), needs to be established.
Recently, an A. thaliana mutant defective in plastid biogen-
esis was shown to lack a new component of the Toc complex,
Toc33. Toc33 shares 61% identical amino acids with Toc34
indicating a functional similarity. Mutants lacking Toc33
could be complemented by the expression of Toc34 [37].
This mutant appeared uniformly pale during the ¢rst 2 weeks
of the life cycle, the oldest leaves of mature plants frequently
had an appearance closer to that of the wild-type. It was
shown that Toc33 operates during early stages of the plastid
and leaf development when Toc33 mRNA is most abundant,
but its expression declined rapidly as the age of the plant
increased. Yet, Toc34 mRNA remained at a steady low level.
These data demonstrate the in vivo role of a translocon com-
ponent in the plastid protein import and lead to the sugges-
tion that the composition and abundance of the import ma-
chinery during di¡erentiation of chloroplasts is regulated on
the basis of gene expression.
Translocation across the outer membrane requires an aque-
ous channel to conduct polypeptides across the chloroplast
outer membrane. The major component of the outer envelope,
Toc75, represents the translocation pore. The function of
Toc75 as a translocation channel was veri¢ed with heterolo-
gously expressed Toc75 reconstituted in lipid bilayers [38],
where Toc75 forms a cation-selective channel. Import compe-
tent precursor protein, but not the mature form, was able to
interact speci¢cally with Toc75 and decreases the conductance
of the channel indicating the presence of precursor-binding
site(s) in Toc75. This is corroborated by biochemical ¢ndings
which show that (1) Toc75 is the most prominent crosslinked
product under conditions which favor precursor protein-bind-
ing and partial translocation [32] and (2) that Toc75 has a
distinct precursor-binding site [14]. The estimated pore diam-
eterv 2 nm of Toc75 suggests that the transfer of precursor
proteins across the outer envelope membrane occurs in a
mainly unfolded conformation. Nevertheless, Clark and
Theg (1997) [39] reported that at least some domains of a
fusion protein between prOE17 (precursor of the 17 kDa sub-
unit of the photosystem II oxygen evolving complex) and
bovine pancreatic trypsin inhibitor (18 Aî diameter) can main-
tain a non-linear structure during their translocation into
chloroplasts.
Two members of the Hsp70 chaperone family might partic-
ipate in the translocation process at the outer envelope mem-
brane [19,40,41]. Com70 (Com = chloroplast outer envelope
membrane protein) is associated with the Toc complex at
the cytosolic site and generates crosslink products with pre-
cursor proteins during early stages of translocation [41]. A
second member of the Hsp70 family is localized at the inter-
membrane space [19,40]. Both chaperones might prevent fold-
ing and stabilize precursor proteins in an import competent
form analogous to the role of chaperones in other cellular
protein transport mechanisms like in mitochondrial import
and ER sequestration. Therefore, they could maintain a pro-
ductive transport cycle across the outer envelope membranes.
Another putative component of the Toc complex is Toc36,
a member of the Cim/Com44 family [42]. Toc36 was proposed
to be localized in both the outer and inner envelope mem-
branes. Its interaction with precursor protein upon transloca-
tion into the chloroplast was indicated by crosslink experi-
ments [43], but the exact function is still unclear and
remains obscure, e.g. Toc36 was shown to complement a bac-
terial SecA mutant [44], though it lacks any sequence homol-
ogy to soluble SecA.
2.2. The Tic complex
Translocation of precursor proteins occurs through the
joint interaction of the Toc and Tic machinery. Translocation
intermediates are generated in intact chloroplasts which en-
gage both complexes [19,20]. Tic110 was the ¢rst component
identi¢ed as a Tic subunit by virtue of its co-puri¢cation with
Toc components [21,45]. Although Tic110 is the main constit-
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uent of the inner envelope translocon, a direct precursor in-
teraction could not be detected until now, but Tic110 was
shown to interact with stromal Hsp100 [22,46] and Cpn60
[45]. Although the topology of Tic110 is not resolved
[21,47], in addition of being a docking partner for stromal
chaperones, it could be involved in the formation of joint
translocation sites with the Toc complex.
Tic55 could be co-immunoprecipitated with Tic110, indicat-
ing that both are in the same protein complex [48]. It was
possible to co-fractionate Tic55 with Tic110, Hsp100 and
the major components of the Toc complex, Toc160, Toc75
and Toc34 by a⁄nity chromatography under conditions
which trapped a polyhistidine-tagged precursor protein in
translocation. Furthermore, it was possible to isolate a mixed
Toc-Tic complex by blue native gel electrophoresis [48]. Tic55
contains a Rieske-type iron-sulfur centre and a mononuclear
iron-binding site. It could be envisioned that the redox state of
Tic55, analogous to the signal transduction properties of
SoxR [49], might regulate the protein translocation through
the Tic complex, e.g. by in£uencing the Tic complex stability
and assembly.
Recently, two new components were identi¢ed by the virtue
of crosslinking to pre-proteins trapped during the transloca-
tion process [23]. Tic20 is an integral membrane protein and
might be part of the inner envelope translocation channel,
while Tic22 is peripherally associated to the inner membrane
at the intermembrane space and might be a functional link
between the translocon complexes of outer and inner envelope
membranes.
3. The origin of the precursor protein translocon
A prerequisite for a successful gene transfer from the ge-
nome of the endocytobiont to the host nucleus was the capa-
bility to translocate the nuclear gene product, i.e. the poly-
peptide, back into the new organelle. While protein export
and secretion systems are prominent in the bacterial plasma
membrane as well as in the outer membrane (for a review
[50]), protein uptake systems have not been described. There-
fore, the protein import machinery of plastids and mitochon-
dria seemed to be a new invention of endocytobiosis. Re-
cently, an open reading frame (ORF) (slr1227) was found in
the Synechocystis PCC6803 genome which has a signi¢cant
homology to peaToc75 in the primary and predicted second-
ary structure [51,52]. The ORF encodes a protein called syn-
Toc75 which is located in the outer membrane of Synechocys-
tis [51]. The functional similarity between synToc75 and
peaToc75 could be veri¢ed by electrophysiological measure-
ments. SynToc75 forms an aqueous channel with similar
properties as peaToc75. While the exact function of synToc75
in the cyanobacterial outer membrane is unknown so far, it is
related to a group of speci¢c prokaryotic secretion channels,
which transfer virulence factors, e.g. hemolysins and adhesins,
across the outer membrane of Gram-negative bacteria.
Although sequence comparisons of other Toc components
did not reveal any further similarities, homologues to subunits
of the pea Tic complex were found in the Synechocystis ge-
nome: Tic55 (slr1747), Tic20 (sll1737) and Tic22 (slr0924)
[52,53]. The localization of encoded proteins, probably in
the plasma membrane of Gram-negative bacteria, and the
functions in vivo are unknown and remain to be established.
These results lead to the conclusion that the import machinery
of chloroplasts probably derived from an ancestral peptide
transport pathway of prokaryotes and became, due to the
addition of further components, the highly speci¢c protein
import complex in the chloroplast outer membrane we know
to date. These results give new insights into the evolutionary
origin of the chloroplast protein import machinery and the
outer envelope membranes of plastids.
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